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ABSTRACT 


Analytical  methods  of  analysis  for  the  determination  of  stresses, 
strains  and  displacements  in  both  the  adhesive  bond  and  the  adherends 
of  bonded  composite  material  structures  and  bonded  metallic  structures 
subjected  to  in-plane  axial  loads  are  presented.  Joint  configurations 
include  the  single  lap  (loaded  with  and  without  end  tabs) ,  the  double 
lap,  the  single  doubler  and  the  double  doubler.  The  methods  will  be 
useful  in  designing  and  analyzing  such  joints  under  static,  dynamic 
and  thermal  loads,  as  well  as  accounting  for  stresses  incurred  during 
fabrication  and  hygrothermal  histories.  As  a  particular  example, 
explicit  solutions  are  shown  for  cases  of  identical  isotropic  adherends, 
and  joints  with  axial  loads  and  steady  state  moisture  content  and 
temperature  distributions.  This  is  done  primarily  for  brevity;  more 
generalized  solutions  will  be  presented  in  a  subsequent  unabridged 

j* 

report. J 


^Superscripted  numbers  refer  to  references  at  the  end  of  report. 
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I .  BACKGROUND 


There  are  over  34  3  reference-  dealing  with  adhesive  bonded 
in  various  structures,  the  need  still  exists  for  better,  mo1'®  inclus¬ 
ive,  easier- to-use  solutions  in  order  to  design,  analyze  and  optimize 
adhesively  bonded  composite  material  structures. 

The  single  lap  joint  configuration  has  been  studied  more  exten¬ 
sively  than  any  other,  and  several  analytical,  numerical  and  finite- 
element  based  methods  and  routines  are  available.  Early  analyses, 

not  addressing  the  composite  material  adherend ,  include  those  of 

2  3  4  5 

Volkersen,  DeBruyne,  Goland  and  Reissner,  and  Szepe  .  These  are 

discussed  in  detail  by  Kutscha  and  Hofer6.  Among  the  newer  and  more 

comprehensive  methods  for  analyzing  singir.-lap  joints  are  those  by 

7  8  9 

Lehman  and  Hawley,  Dickson,  Hsu  and  McKinney,  Grimes  et.  al., 

Hart-Smith, 10,11  Renton  and  Vinson,12,14  Srinivas,15  Oplinger,16 

17  18  19 

Liu,  Allman  and  Humphreys  and  Her akovich  .  Experimental  veri- 

fication  of  the  accuracy  of  the  Renton-Vinson  analyses'1  '  has  been 

20 

made  by  Sharpe  and  Muha,  and  computer  codes  for  ease  in  computation 

are  available.  The  modification  of  this  approach  to  include  hygro- 

thermal  (high  temperature  and  high  relative  humidity)  effects  has 

been  made  by  Watherhold  and  Vinson*1  . 

The  double  lap  joint  has  also  been  studied  by  several  researchers. 

There  is  ambiquity  in  the  definition  of  the  double  lap  joint,  the 

two  configurations  being  what  are  herein  referred  to  as  the  double 

lap  joint  and  the  double  doubler  joint.  Methods  presently  available 

6  7 

include  those  of  Kutscha  and  Hofer,  Lehman,  Hawley  et  al. ,  Dickson 

8  9  22  23  15 

et.  al. ,  Grimes  et  al. ,  Hart-Smith,  '  Srinivas,  Keer  and 


-  2  - 

Chantaramungkorn , ^  Opiinger,^  Allman,  Sen,-^  and  Humphreys 
19 

and  Herakovich  .  Most  of  these  do  not  contain  thermal  considerations, 


and  none  contain  hygrotherr.al  effects 
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II.  GENERAL  ANALYTICAL  APPROACH 

Consider  2  or  3  flat  panels  joined  together  by  an  adhesive  bonded 
joint,  subjected  to  uniform  in-plane  mechanical  loads  in  the  x  direc¬ 
tion,  and  a  continuous  tempeiucure  distribution  and  a  continuous  mois¬ 
ture  distribution  varying  in  the  x  direction  and  in  the  thickness 
direction,  z.  If  these  panels  are  sufficiently  wide  in  the  y  direction 
then  the  combined  structure  can  be  considered  to  be  in  a  state  of 
plane  strain  in  the  y  direction. 

For  such  cases  many  different  joints  may  be  analyzed  by  develop¬ 
ing  a  general  solution  for  the  portion  of  the  composite  material  ad- 
herend  depicted  by  the  Wetherhold-Vinson  model  of  Figure  1 .  The  la¬ 
minated  element  shown  is  subjected  to  stress  resultants  and  N2, 
stress  couples  and  and  shear  resultants  Q1  and  Q2>  This  adherend 
element  is  also  subjected  to  a  given  distributed  normal  load  on  the 

upper  and  lower  surfac3s  p  (x)  and  p  (x) ,  distributed  shear  loads  on 

L  2 

the  upper  and  lower  surfaces  tu  (x)  and  t^(x) ,  and  a  continuous  tem¬ 
perature  distribution  T2(x,z)  and  a  continuous  moisture  distribution, 

M  (x,z).  While  solutions  to  the  Wetherhold-Vinson  model  are  generals 
for  most  practical  adherend  stacking  sequences,  they  are  restricted  to 
those  of  midplane  (x-y  plane)  symmetry,  which  are  in  a  state  of  plw.ne 
strain  in  the  y  direction.  Thus,  this  solution  is  an  analytical  finite 
element  for  the  adherends  in  any  of  the  joint  configurations  shown  in 
Figures  2  through  6. 

The  adhesive  in  these  configurations  is  also  modelled  using  an 

12  14 

elastic  film  approximation  used  previously  by  Renton  and  Vinson,  ' 
as  well  as  se/eral  other  researchers,  and  modified  herein  to  include 
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hygrothermal  effects.  These  effects  are  important  to  polymer  matrices 
in  composite  adherends,  they  will  also  be  important  for  the  pure 
polymer  adhesives. 

By  combining  the  analyses  of  the  adherends  and  the  adhesive  the 
joint  configurations  of  Figures  2-6  may  be  analyzed. 

III.  WETHERHOLD-VINSON  ANALYSIS  FOR  AN  AD HE REND  ELEMENT 


From  Reference  21,  the  governing  equations  for  a  portion  of  an 
adherend  subjected  to  all  the  loads  dis  ssed  above  are  given  below, 
wherein  each  symbol  should  be  subscripted  i,  in  order  to  use  it  sub¬ 
sequently  as  a  building  block  in  analyzing  each  of  the  various  joint 
configurations . 


(1) 


(2) 


dM  h 

— -  -  Q  +  —  (t  +  tt  ) 

d  x  2  u  L 
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,2  o 

d  w 
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“  hi 


d3<t>  d* 
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+  I 
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-  MT{x)  -  M^x) 


d3<f>  d$  d3  t  -  dT T  _  d3x 

N  -  A  — =•  +  B  —  +  C  - -  +  D  — -  +  C  - - 

x  d  d  d  d  d  3 

XXX  XX 


dx  d2oT  dU° 

+  D  — -  +  E  - k  +  A - NT  -  N™ 

d  d  d 


(4) 


+  E  o  +  h*  (x) 
L 


(5) 


Qx  =  K5  <j>  (x) 


(6) 


In  the  above  the  N,  M,  and  Q  quantities  are  the  usual  stress 
resultant,  stress  couple  and  shear  resultant  quantities  as  defined 
in  numerous  references  such  as  Reference  26.  Once  they  have  been 
determined,  a  conventional  laminate  analysis  may  be  used  to  deter¬ 
mine  the  stresses  in  each  ply.  The  quantities  w°  and  U°  are  the 
midplane  lateral  displacement  and  in-plane  displacement  respectively, 
and  <}>  is  proportional  to  the  rotation  of  the  midplane.  Thus,  there 
are  six  equations  and  six  unknown  since  for  this  problem  which  in¬ 
cludes  all  of  the  loads  shown  in  Figure  1  are  prescribed.  However, 
in  what  follows  we  will  treat  this  problem  as  a  building  block,  where 
the  loads  are,  in  general,  unknowns  which  must  be  determined. 

Also  in  the  above  the  lettered  constant  coefficients  in  (4)- (6), 
which  involve  material  properties  and  geometry,  are  defined  in  Refer¬ 
ence  21,  and  are  simply  too  lengthy  to  be  included  herein. 
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IV.  ANALYSIS  OF  THE  POLYMER  ADHESIVE 

Consider  the  adhesive  layer  in  a  single  lap  joint  as  shown  in 
Figure  2.  If  we  denote  the  displacements  of  the  upper  adherend  and 
the  lower  adherend  with  subscripts  2  and  3  respectively,  then  the 
normal  strains  in  the  z  direction  and  the  shear  strains  in  the  x-z 
plane  can  be  written  as 


U2  (x2  «-h2/2)  ~  u3^x3'  h3/2  _ 


where  o  and  t  are  the  unknowns,  normal  stress  and  shear  stress  in 
o  o 

the  adhesive  respectively ,  and  G  are  the  modulus  of  elasticity 

cl  U 

and  the  shear  modulus  of  the  adhesive  in  film  forms  as  determined 

27  28 

for  example  by  Renton,  Flaggs  and  Vinson,  '  n  is  the  thickness  of 

the  adhesive  in  the  z  direction,  a  and  B  are  respectively  the 

coefficient  of  thermal  expansion  and  hygroscopic  expansion  as  dis- 

2  9 

cussed  by  Pipes,  Chou  and  Vinson  for  instance,  AT  is  the  change 
in  temperature  between  the  vamperature  of  the  material  point  con¬ 
sidered  and  the  "stress  free"  temperature,  and  m  is  the  moisture 
content  in  weight  percent  existing  in  the  adhesive. 

If,  in  Figure  2  we  label  the  adherend  "above"  and  "below"  the 
adhesive  as  elements  2  and  3,  then  (7)  and  (8)  can  be  differentiated 
with  respect  to  x  and  rewritten,  in  general  utilizing  (1)  through  (6) 


7 


as,  where  x2=x3=x 


dw  °  dw  ° 

o  =  — - i-  +  r,  t 

d  a  1  ° 

X  X 


y2  — —  +  <p2  +  Y 

d  ^ 

x 


4  4>  -j  +  2 

d 

x 


'7  —  4  Y8  Tu„  +  Y9  TT  +  Y10  TL. 


l3  d  (AT)  dm 

'll  -TT  +  Y12(X)  -  n  “a  — : - 

dX  dX  dX 


°  =  u2  -  V  + 


+  Y8  tu2  +  Y! 


,  dw0° 

h. 

dw  ° 

t 

+  -A 

3  — 

T-  4-  \7  . 

!  dx 

2 

d  Yi 

X 

*  o  +  *2 

I  4-  V 

d2*2 

d24» 

+  7  f!° 

3  Y5 

d  2 

Yg  d 2 

^  a 

d2T 

X 

X 

X 

d^ 

U2 

4.  v* 

„  ^3  : 

d  2 

X 

+  Y10 

tl3  +  Yn 

d  2 

X 

where  the  y^  and  y^  are  given  in  Reference  21,  as  well  as  the  inter¬ 
mediate  steps  in  the  derivation.  Thus,  using  equatic.is  (1)  -  (6), 

(9)  and  (10)  we  can  easily  analyze  all  tne  joints  of  Figures  2-6, 
for  dissimilar  or  identical  composite  material  adherends  as  well  as 
for  metallic  adherends.  Because  of  space  limitations  the  solutions 
for  the  algebraically  simpler,  identical  isotropic  metallic  adherends 
will  be  treated  herein.  More  generalized  solutions  are  treated  in 
Reference  1. 
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V.  SINGLE  LAP  JOINT  SU3JECTED  TO  IN-PLANE  LOADS, 

UNIFORM  TEMPERATURE  AND  MOISTURE  CONTENT 

Consider  the  configuration  shown  in  Figure  2.  The  adherends 

can  be  divided  into  components  1  through  4  employing  (1)  through  (6) 

to  describe  each  assuming  that  in  components  1  and  4  there  are  no 

surface  normal  or  shear  loads,  in  component  2  no  c?u,  and  component 

3  no  oT .  In  element  2,  a.  and  tt  are  a  and  t  ;  and  in  element  3, 

L  L  L  o  o 

a  and  t  are  a  and  t  of  the  adhesive, 
u  u  o  o 

Hence  for  the  four  components,  (1)  through  (6)  are  used  four 

times  with  appropriate  subscripts,  and  along  with  (9)  and  (10)  are 

used  to  determine  the  adhesive  stresses  a  and  t  .  The  result  is 

o  o 

a  set  of  26  equations,  26  unknowns  and  26  boundary  conditions. 

The  solutions  for  all  quantities  are  found  to  be : 

Fo„-  component  1 

N  =  P  Cos  6 ;  Q  =  -  P  Sin  0  (12,13) 

1  1 


^  A  -  -  P5,n9  (14) 

fciT 
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~  — -  C  *"  (  Cerz_^S  >o-^3  XtL  ^  >c^ 

2_*“( 

f  Ci,  (^  ^>~  v-  (3  Ura.  ^3  ><-) 

—  Cl  2.  tl  >C(  <*■  Coa./3>t  T-  |S  CCvi.  |3  i<j) 
tCo  «_0k,e  (-*1~|3>-  T  (!<-»(*>*)] 

t  ••+  +  N  i  1 


(22) 


12 


^  oUz^&z)H  1  ("lce 

'"  £“  ^  f(«iW,u:^*W/3^)S^/3>c-Y^(^2) 

_  ^’2.  ^  (.<*  -|3  j  Swu(3>c  f  (cx  -£<**6Z  +-  p  xj 


-  C„e 


*“  C2^  K 

(, 


+“  <f°"  [?  1 -  *  (-*-  ¥*>c-P,] 

<«(2-*pA)  S^p*  p  * J 

V  CVo  ^  *  ^(3^-^)  S^x  -^^(ZpKx2-)  &rz.p„2 

c.  ,7  e  £—(3^  -(b(px-  $*■*)  CtnfJ  ^  j. 


t*  C  1 7  e 


^2r  >** 


+  3  c(  ( i  -  0 )  k 


24^0  £j 


C.0e°‘,°  Cax (3 -r  Clle°‘,‘'£^>. 


_ Ot  'yc  m  "mm  Ot  yj 

+"  ^  (  l  C  Cjr*-fi)*  C<3  6  a^x-v  ^} 


x  \  ••  • 
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■f  X  <  {  t,0  £ 

Zc  (ul+?T(rh 


~1 

Z’KQ,  L.  /3  >.  -t-  (  <xL-  p  L)  4^  ' 

1  *  _ t 

(3  £-cn-  p 


r 


-  z  */3 


+■  Cut!  |^(°^  *  P  JXlcpK 

+-  Cl  iZ  tT^  jj-  2-*$>  5—.  p  x  -f-  (ot  Z-p  *)  Cla=^  P  *J 
^  —1 
+-  c 


+'  f-  c2.'  x 

Zd 


» *-  ~  (_  ~  I - r  ^  '  \  i  f  \ 

-i3  [(*  -  0*)  1  *(3C«a.p^  } 


+  17  h 
Zci’io  D 


+-  Cjj-'  •£  (a  &~P)C  4-  p  Loa.px.^ 

—  C  Hj,  C  ^  ^°^{3  *c  ♦-  (3  .Az*»j  p  )Z) 

-\r  c  tT-  <d  ~°LV  tfC  -£«lcp  y.  4- p  Caa_pl 


(i-i/J  2>rv£>  (*<■ l+pi’) 


C ^  z  **  ((3  L~~p>c  t  *  Co*./i  K  ) 

■h  Cif  t  ^  (*>  -  /8  Cot.  p  >-) 


—  Ci  +  -*t  ^  -f/3  C*r*.(3  K )~J 


*f  C30  X  V"  Cj/ 


(23) 


For  component  3 , 


-  C/ye***  +  <x  £**.p*) -  C'lfe^JtSiLAjL  "- • 

(o(2+Pl)  («'*+{>  *J 
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-  C id 


-  *>- 


(  ex'  l-b($  2j 


f  &  X  —  J-  Cen^fL  ^ 


— Li — - -  (  &  &+*-£>  y.  t  fS  Cc 3j  /3  >.) 


G‘X3  -  - (p.iu~A>c  r  ‘t-Cvi.flx)  —  jLfiiL—  K  -f>Cc?.a>  *.) 

(*  +(3L)  'IS 


4C~fx)  +  <k2L^U^»taCn/sf.)  rCzT  (25) 


(*W3t) 


6  -  A.  _L_  r-dl0e‘x,c(pA^/i^+-^c<^^) -■  Cm  (*  ^Z3*  "Z3 

T<i  H6»hl*V’)  L  ’ 


-  Cii.  e 


■  (|3  -  *  Co=l{3x  )  +  C3  e  ’*  (*  t  ft  Co*  fix.) 


“  Co€a>;f  4-  (««^*’)  Ce*~p*J 

—  (in  €  j^(c(  l-  fll)5u+.  ^>v  —  2  *8Cirz.flx 

+"  Ci2.e-0t><:  ^±<tpSHL~flK  -  (  *  ^-/5^)  Ccct(3  xj 

-  <w3  <;“**  £(«*-?*)  +2  «(>  ^  t  C*f  * 

i  r 

2(<y2+(31)^ 

i-  Ct,ve~U*(p  >-  _  ‘'Cea./a^  -  C,^eT°t>c(*<  £*-0  x  +•  /3  Ca3./JKjij 


-f  c 


k  c  **  Vpi 


[ *^P  *  -f  (  **-  ^3*')  Cci.p  ■xQ 


^oc4-^2-)  &**./}><:  -  2  ^,6 


»<»*•./< 


^  | -  - 2u6  *T  (  OL  ^  )  CoZr  f3  )C  J 

+  ^  r  2«![3  Cdip^  jt  £2.^  x 


~~^~  C‘.yJ  h.  Cipe***  (oC  Ctn.fi*-  G  lul^px)  4-  f-  zj  Ci6’  *\ 

U  €r  L  17  1  1  ' 

~  Co^S^c-r  fi  SC^p^  +  C/j 

~  C^e**  (pSc-fi*  t  <*  G*  p,TJ + CVI  ^(oi^fi*  -  p  Cx^p  *) 

+  Cl<l  **  >c  -u  Cca^S*^  -  C3€  4^Ca{Z  k)~C 


+  3  ^./gwg“>‘  [?«.‘-(3z)  £e*.(2*.  -  2  ocjj&u.pj/j 
+  C|J'S  V  C(‘*i‘|siJ  +  2 <*(3 Ctaf 

+'C“'e  **  [(oty^-lOi. '  „  t2«(>  S^/9^J 

r  Ct?  e.'**  [uKp^S^.^  ~2*(lC*p*3 

~  l^Uzj  +  +c.*-a-yemp*  +Cl>£-**£^,\ 

•(•«/+  *W  C3r  (28! 


In  (28) ,  the  thermal  resultant  and  hygroscopic  resultant  are  both 
included  *or  completeness,  because  in  a  "quasi-isotropic"  polymer 
matrix  adherend,  both  terms  are  important. 
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uTj  -  ^  >  -r  (*V  -(*  u  VS^Y)  ^VJ  v] 

^  0/  <?  *  jc^-Liji^  f/S^)  Si^px  -  Y<xfi  C*-^1)  Ctr^p  *J 

■+■  C2_e.~'*>C  £-<Jctfi(cL2y6l)Si*  /3x  -tCoL^-O^p^-hP^)  Crt-pxJ 

i~  c&.z? 

L> 

fCtfe**  [«(* -t  pcp*'-**2)  ^(jx] 

•r  £t*  e  **  j^p(  3<l1-  p3)  3*^/5  *  -r  «*  (3P*-*-*)  6or*^3xJ 
"1~  C^e  ^  (cL^p^j)  Sc**.  ^)c  —  (I  (p  *"-  3  &*)  Cea.(3  Sc^J 'J- 

'  Cz^  -  ,3J^.)  K.  4-  a  e  **  £~  <5* 

2D  2110  &  J_  -<*xr,  .  ~f 

'hCu.e  Cxrs^fo  tC/jg 

^uv^j3  [c“vU"‘[*(’  M1*  -r  a».(3«] 

t^ue^  jjf  0^2-(3  ^  ie.1^  ^VC—  2  °t(3  CxxfitT^ 

't'  £ne~u>e £-2*01^0)0  -t  (u  z-pi)  Ce^^xT] 

+-  Coe"^  -2cc(?  Cxn.p^]  l  _  3(  $±j±)  r  x 


•t-  rn 


~  ^  Cjx.pfc  —  p  $2**  p  ^  4-  C(j"  Pf.  t  ^  Coa.&t.') 

~~  C\<,G  ^  ot  CtaJp/!  f  p  £u~p  tj"f"  £<7  6!  V^~  ^  f/3  k*-/3  *)  ^ 


<»  o  o  *. 
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_ h_ - *(  |3A**/S  *  ~r  tx  Ccr^,fi) cj 

0-*')  2YoC  £^>*-  (S  c^s*) 

"t”  C  t.4.^3  ^  ^  (S  Sl^.>  p  fC  —  *  Ccz_^3 

+  C  »=*-  €  J  4-  cTjiX  -*-  C'jj 


(29) 


For  component  4 : 

N>s  ^  P Coa,  &  1  C Q  >c^  -  -  (9 

cj)  ^  •s  —  P  vL«X^  Sf 

K/ 

Hy^  5  P  C^  -  >w)  £^e> 

PG«,©  NJr^Kim 


u  °  * 


ur, 


o  _ 


Pi*~& 

D  j 

1— 

K 


\  J  «. 

X«-^ _ Lv;1  X>y 

C-  i. 


Xv^  "t  (-11 


f  C20  'X*^  z  I 


(30,31) 


(32) 


(33) 


(34) 


(35) 


For  the  adhesive: 


^  e  ,C^^C"  +0*e"av^a<flx^c-<j?e-o‘^ 


<~  [1  K  (36) 


^  ~  t  Cije>y  CH,e’C*>  Ccaj3^c  tO?  if*'*' f 


(37) 


In  the  above,  the  values  of  a  and  6  are  determined  from  the  roots 


of  the  following  equation 
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3HMJ) 
2  vc 


-r  f  2 QtV0  2  * 


wnerem  o 


(38) 


Also  in  the  above  equation  all  are  determined  by  the  boundary 

conditions  for  this  problem.  For  ease  of  comparison,  the  numbered 
subscripts  shown  correspond  to  those  used  in  Reference  1.  The  bound¬ 
ary  condition  for  this  problem  are : 


=  0; 


u°(0)  = 


0; 


w°(0) 


0; 


Mxl(°) 


(39) 


at  X^  *  Lj,  and  X2  “  0 ; 


Q1(L1)  “  Q2(0) 

U1(L1}  “  U2(0) 

Nxl(L]>  *  lx2(0)  (40) 

Nx2(V“0;  Mx2'L2)=0;  Qx2(L2)=0  (41) 

at  X3  =  0 

Nx3(0)  =  0;  Mx3(0)  =  0;  Qx3  (0)  =  0 


w°  (L1 )  =  w°(0) 

4>i  (i*i )  -  ♦2(0) 
M-^I^)  =  M2(0) 


(42) 
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at  X,  =  L_  and  X.  =  0 
3  3  4 


w°(L3)  =  w°(0)  Q2(L3)  “  Q4  (0) 

^ 3  (1*3 )  =  4>4(0)  U3<l3)  =  U°(0) 

M3(L3)=M4{0)  Nx3(L3)  -  Nx4(0)  (44) 

When  (39)  and  (44)  are  used  in  (16)  and  (17),  it  is  found  that 


(45) 


The  remaining  boundary  conditions  tbit  are  used  result  in  an 
18  x  18  set  of  equations  as  given  below  which  are  easily  solved  by 
machine  computation  for  a  given  geometry  and  set  of  material  proper¬ 
ties.  The  boundary  conditions  listed  in  (40)  through  (43)  are  in 
order : 

P^^L,3  -t-C.jL,- - ! -  -Cia 

Ci  C>  DCrtVp1)1*  L 

ts  Ch  *  P  (  *■)  —  CiT.  p2-  -4  C,3o(p 

4^  in  r 

LC'"<  04  k1-  +  C,r  P  -3‘^ 

+•  gjLt&il  [c»Kg1 

2.2. so  6'  J 


L  ^ LP*)  i3! 

lokhC*2-^)  L  ■  ■  J 


C  CJ  t.  c 
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iMh. i  [-  cw  +  c„i 

2C/5-VO  D 

+  ^iiL _  [-C««  +  C'S-p  +  Ctt0  *  -hCtT-pJ 

{)-C)l*oD  (*V^) 


P5^9  r  _3_  FCto^-CuA  'Co*  ~C-l3|3  +£&?  ( *  1 

“k7  W*V)l  (  J 


"  |^C»o  L*'X-fi*')  —  2  Cj,  +  c«2  («C2-^iJ^  2C,3  o(^(47) 

“  T^r — ~~  C^*w  *>  ~  C<r^3  -  Ct(,  *  -  Ci7. p}  +  C 

2  U1*/^  1  v  ^ 

-PS4.0---L  ( CV0 * - c„ ft -c(a.« -c,3 (J)  tCir'  (48) 

(olh^) 

(PCoo.e  t  Nr+kJ  w  )  L,  *  _l —  |_£w  (*X‘P')~Z  c»jr'ti‘P  ■**  -f  2 C» >-ot(3"7 

J7  'J 

^  ‘^-ia —  (  Cto  *  -t-  C ,,  p  -  Cn«t4-C,3fl) 

3?H6 

t~-^— r- r  —  [^o  *"  Ck  P-  c*2«*-  -  c'i  f  +  (odWij  Czrl 
[.Cw(ct*-^)+2^  C.r  -  2*<S  C,?j 

[3'o^l  lCw4Ct)  *•  ** 
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-Jof.  (  Clo«l  - t  (5  -  C,i  «  +  C,j  (5  ) 

Isk. 


(49) 


P  Ccz.  ~  —  Ctf  ft  -  Cl v  at  —Cl-),  ft)  f-  Cz^f 

(d+f)  ' 


"=  — ■ 

K-f1) 


(50) 


-»•  °(CotfsL2) 

+-  Cir€o4L^  (*  —  p  <-«.  pc^ 

+  Cu,e~*‘'H  -•* 

-  C^-e’^^CcfitlpLz  +  ^C«a(3*>^) 

q  -  J__  V  Cloe“tCi'[2oc/3  S^.p<-2.  +  (*t*-|3*)  C«.pi-  J] 

ft*  -+^t)  ^  r-  ^ 

-  Ci-ze  *Li~  £ 2*ft  ^ftLx.  -  («l~?L)  £«^*J 
't'  Ci3C°LLl’  j^(oC2-^/')  Stt^ftLi.  +±c(ft  J  j*  +*  C  Z  S'  Ll 


(51) 


-  ±L 

2( oiC/3^) 


j  CiH  eULx(f>  £*~~ -t  *£cl(3Ll) 

+  c,s*°d-^(«S~-C’Ll~(> 

+  Cur  e'“L'’(a  JU-(3<-.-  -  *  c"a(3‘-*') 
—  e  0<L'’  C®*1  '^'Pc2.  i* (3  Cr^ftt-i.) 


+  C2t 


(52) 


0  ~  Co  e  pL~~.pL  iV  ^  Cca.,3  (*L~~(3li  p(-oxpcLj 

■+  Cii.^:  U^j5  —  *  Cw.  6  Lx.  )  —  C,3$  U/jwt) 


+  C25  (a2  +  62)  =  0 


(53) 


2  2 

0  =-C14»  +  C15e  +  Clga  +  C1?a  +  C2g  (a  +  g  ) 

0  +  2  C*(3  *  C,x  (pJ.UZ)  -  ZC,  j  cCfJ 


(54) 


2, „ 2 ,  (C14a  "  C15B  "  C16a  ‘  C17B*  +  C2 9 


2  (a  +6  ) 


(55) 


0  =  -C10a  +  CLie  +  C1?a  +  C13B  +  C2?  (a2  +  g2) 


r 


di*vt 


Co* 


UL-j 


(56) 


f  U  V Cra~p L 3  J 

•t'  C,  <CL3  Cc^pLz~] 

4-  Cll<’,lLl^^  (*H-CaCZfiL+f 3*)£yjL*J 

-t  C(3  e^1"3  j  -f  Vot/j(  *2-  CipLjj  t  c# LJ 

iiV-^)7  r  *  («l-3fl)  Or^fiLsJ 

•+  £tseoiL'3  j~  *  (<* *-  t  Ccz.pt-s') 

+  Ip  (3</.l-fL}SZ<,  fiL} +<(3^-**)  Caz.fi 

4-  Cn  c*L3  [«  (*kyPl)  l  3  -  (3(^-3**)  a^/itjjJ 


h 


c  a  o«c 


CV 
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L 3  _  2Ll(i-j)  h 
2  0  27- 'iC  6 - 


C<ctd  Ci3Zl.pL},  —  Cf,  g  L  (^t-S  > 

-t  C,i*l  ^LJ(-cz^Lj  -f-Cije.  3  Si^pL^j 


(c'fi'i; ) 


c 


to  ^ 


Zdth  ( a^+^s1)  l 

+C„e“L‘-3 

+c,*r*L5  r 


2o(X)  £<l»pL3  -f-  (<<l-pZ')  Cjctz,  p,  L  3~| 

^(oc^p2-)  ^<-.p  L3  —  2  <2.(3  Ccn_ pj  L  3^J 

^  ~  2  <2.6  JL^v  p>L$  ~t  ^  a. l-  ^3  ^  Cwl-  p  L  3  j 


*C3  ^°LLi [_(^-^)S^.pL3-  ZofiC^p'-i jj 


~  CZ,  L3 

2  0 


f-  (T-U-^ 


iCj^o  D 


Ct«y  C  **  ^°3L  (^  P  pL.?} 

+  CiseuL~i  ( <*  ±z^PLs  i  p>Cxxt.p  l 3) 

-  Clu,  ^-UL3(  ^  p  l3  t-  (3  ^  P  L  3  ) 

■+  C„.  <rU1-3  (-  «<  +  (3 


f  (m-tp  t3 _ 

^  i-t'j  ,<Lsc  U 


06L3 


"Ct^  e'*'*”'  (  piv^.p<-3  4-  oc 

-  C,feuLj  (*5^/3 L3  -r  (3  Cz/3l  j  ) 

C,<.e-°"-J(|3  i^pLj  -«c 


+  C32L3  =  0 


(57) 
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-Cl2e~'XL3(/9^*— ^L3  -  i- C,^  e"^  *  ft  Ct^jpLi) 

PSine 

+  C2?]  - -  (58) 

K5 


j-  [2V  '*SU3  +  (^-pVC^pLj] 

-  Cu  euL*  -2*^  Oi^ljJ 

't"^‘ie_aL3  [-2^3  tu-pt-j  -(u^-p*-)  LiJ 

-  Ct3*r,*L3  J^fat-ayS^ALj  1 2«fi  Crzs^Lj]  *f  CzsLs 

~  ii  (y  l+p <-)  Ci^  eUL3  (  £}  S*L*.ftLj  ir  ^  ^*-(3 <->J 
+'C/e°iL3  («  S*~fi-3  ~  Ca2.(lL7  ) 


+  C/o  €  CLLj  (pi c^^Lj  -  *  £**($<-;) 

f  ^  U‘-(0LJ)J 


+  C29  =  PL4Sin6  (59) 

C‘°e  3  (pi^pLj  4-  *  Co(3Lj) 

11  (_  <*>■  £<~*,p  Lj  —  ^3  L<a- p  L  3} 

^t2-^  ^  XtL  |fl  -d.Cc**l3Lj) 

^^-'3  &  *  (<*  £clw ^  ^<a  ^  <-  jjjf 

+  C27  =  -  PSin6 


(60) 


.  W  <~ 


-  AO 


T  ^  ^  ~  L>  )  OxT*—  is  • 


‘  ~r  ^  !  C  »-  ~-p  l)  —  /■*  4  -■  t*  2  rt.  p>  Ccto  (2>LZ  J  V  +  C,  2  I  i- 

j  K 


-f  (l-li2-)  ^  v 


-_vL  JL 

4(r  U2^*) 


+JLhl 

I4?x>k. 


Cu,  e**"3  (*  CcT3_,p  Li  -  f>  -  P  *-  3  ) 

-fCu  £  ^  iui«_^L3  t  (3  Cd.  p  4  3  ) 

—  Ci 2,  e~ ^  •*■  Ca>j^iL3  +  |3  -l*Lw  ^  L3  ) 

■f-'Ci3€"<jU''3  (-oC£uLpL3  +  P^pt3^ 

Co  ^L3(|3^?L3  WC«.(3L,) 
>C«€*tL5(  -  (ZUufiLa) 

-{-Clze*Li  -  o(Cg3.^Lj) 

~  *“‘3  *  *Lj  (*  ItLpti  t  p  C«,pLj)  -  ^2? 

Cil  e',cLj'  [(od2-^^Co^pL3  -  £  *  (3  IcUpL^ 
+  cif'e°lL3  [(  *Ap4)i^.pLj  •+  2  c*p 

f  Ctue  3  [(o^-p4)  Crx($L3  t  2<*(2>ltU,  (9LzJ 

+  C.f  €^LJ  [Ux  Co.^13  Jj 


MO -tl) 


tC 


Cm.pi-3  ~i~  C  i j"  €  *  ^c+*.  f$  L  j 


lu  *2 


-<XL$ 


-f-  C/f-^.  Ls  S <L fSLj^ 


+  N3T  +  N3m  +  C35  =  0 


(61) 


rsssm  massm 


1 


t -Ctu  -  *  Cap  <-3) 

-  C,^€~^L3  (<*S-<~pLj  -f  p  Cczl^Li  J 


+  C26  =  PCose  (62) 

With  the  evaluation  of  all  the  constants  above,  the  solution  is 
complete,  and  parametric,  design,  and  analytic  studies  may  be  under¬ 
taken  with  the  aid  of  a  computer  utilizing  this  analytical  solution. 

VI .  SINGLE  LAP  JOINT  WITH  END  TABS  SUBJECTED  TO  IN-PLANE  LOADS , 
UNIFORM  TEMPERATURE  AND  MOISTURE  CONTENT 

Consider  the  configuration  shown  in  Figure  3.  Here,  the  single 
lap  joint  construction  utilizes  end  tabs ,  the  same  thickness  as  the 
adherends  bonded  onto  the  adherends  such  that  the  in-plane  loads  have 
the  resultant  at  the  center  of  the  adhesive  and  6=0°.  This  is  typi¬ 
cal  for  test  pieces  used  in  laboratory  evaluation  of  the  adhesive 
properties. 

Again  the  joint  adherends  can  be  divided  into  four  components 
as  shown.  Again  (1)  through  (6)  may  be  used  four  times  with  appro¬ 
priate  subscripts,  and  along  with  (9)  and  (10)  are  used  to  determine 

the  adhesive  stresses  0  and  t  .  Also,  the  coefficients  a  and  6  are 

o  o 

determined  from  (3?).  The  result  is  a  set  of  26  equations,  26  un¬ 
knowns  and  26  boundary  conditions. 


Tae  solutions  =»rt  fount,  tx  i>e : 


For  component  1 : 


N  =  P;  Q  =0;  <K=0 

X1  X1  1 


(63,64  ,65) 


M  - - (h  +  n 

1  2 


P  +  NT  +  N*11 


Ul°  "  < - - - >  X1  +  C«0 


„i°  -  -  (h  +  n)  Xj2  .  c41  Xl  +  c42 


For  components  2  and  3,  equations  (18)  through  (29)  can  be  used. 

For  computational  reasons,  the  reader  may  wish  to  change  the  numbers 
of  the  subscripts  of  the  constants  C,  because  they  will  have  differ¬ 
ing  values  for  <2?ch  of  the  problems  considered  herein. 

For  component  4  ? 


N  =  P;  0  =0;  4>  =  0 

x.  x.  4 

4  4 


(69,70,71) 


=  +  P  (h  +  n) 


P+N^N™ 


->  X4  +  C45 


"°4  -  -  -  (h  +  ">  X42  +  C4  3  X4  +  C44 


anc 


-  21  - 


aJair. ,  f or  one.  adnesive,  LguaLions  3C, 
wi:r.  cnangec  sucscr^pts,  if  preferred,  for  this 
roots  u  and  c  are  determined  from  Equatioi  (38) 
ditions  for  this  problem,  see  Figure  3,  are: 


(37)  may  oe  used , 
problem.  Aj.sc  ,  tne 
The  ooundary  con- 


at  X x  =  0 ;  U°1(0'  =  0;  w°1  (0)  =  0;  $1  (0)  «=  0 


(75) 


at  X1  -  Lx  and  X2  «  0;  Same  as  (40) 

at  X2  -  L2;  Same  as  (41) 


at  X^  ■  0;  Same  as  (42) 


at  X3(L3),  X4  *  0  Same  as  (43) 

at  X4  =  L4;  Nx  (L4)  =  P;  Xx(L4)  -  0;  4>X<I.4)  -  0  (76) 


When  (75)  and  (<f^)  are  used  in  (67)  and  (68), 


'40 


'42 


(77) 


Again  for  the  boundary  conditions  to  determine  the  pertinent 
Ct  j  an  18  x  18  set  of  equations  must  be  solved.  They  can  be  written 
as  the  following: 


'  L,  -  nqru  nanc  side  of  (46 
4-i 


0  =  right  hand  side  of  (47) 


—  (h  +  n)  ■  right  hand  side  of  (47a) 
2 


0  *  right  hand  side  of  (48) 

P+.^+N1” 

( - )  l  &  right  hand  side  of  (49) 

K  1 


P  =  right  hand  side  of  (50) 


The  throe  boundary  conditions  at  X2  *  L 2  and  the  three  at  *  0 
are  identical  to  (51)  through  (56). 


w3(L3)  ■  w4(0)  is  the  same  as  (57). 


left  hand  side  of  (58)  =  0 


left  hand  side  of  (59)  =  —  (h  +  n) 

2 


left  hand  side  of  (60)  =  0 


U3(L3)  =  U4(0)  is  the  same  as  (61) 


(86) 


nine 


Elat  of  id:  -  I  c. '' , 

With  the  evaluation  of  all  of  the  constants  above,  the  solution 
is  complete,  and  parametric,  design  and  analytic  studies  may  be 
undertaken  with  the  aid  of  a  computer  utilizing  this  analytical  solu¬ 
tion. 

VII.  DOUBLE  LAP  JOINT  SUBJECTED  TO  IN-PLANE  LOADS, 

UNIFORM  TEMPERATURE  AND  MOISTURE  CONTENT 


Consider  the  configuration  shown  in  Figure  4 .  The  double  lap 
joint  with  identical  adherends  can  be  modelled  as  in  Figure  2,  with 
four  components  if  there  is  a  symmetry  in  geometry  and  loads  in  each 
of  the  four  quadrants  of  the  structure.  In  a  composite  adherend 
construction  this  means  that  a  (  Jx5  construction  is  required  where 
X  is  a*-  even  number  of  magnitude  4  or  greater  in  the  thicker  adherend 
and  X  is  an  even  number  of  magnitude  2  in  the  thinner  ones .  For 
isotropic  adherends  the  geometric  symmetry  exists  automatically. 

Again,  26  equations,  26  unknowns  and  26  boundary  conditions  result. 

The  coefficients  a  and  6  are  determined  from  (38),  where  for  this 
problem  h  is  replaced  by  h/2  in  (38)  and  all  other  pertinent  equations. 

The  solutions  are : 

For  component  1 : 


(P/2+NT+Nin) 


U, 


X1  +  C70 


(88,89,90,91) 


K 


(92) 


For  component  2,  equations  (18;  through  (23)  can  be  used,  but 

for  computational  reasons  the  numbers  used  for  subscripts  may  be 

changed  to  avoid  confusion  with  the  other  solutions. 

Looking  at  Figure  4,  it  is  seen  that  the  midsurface  of  the 

adherend  at  the  right  must  remain  straight  due  to  symmetry.  Since 

the  adherend  is  thin,  i.e.,  h<<L3  and  h<<L^,  it  is  therefore  accurate 

to  make  the  following  approximations  for  components  3  and  4,  and  (24) 

and  (28)  are  used  for  N  and  U? 

x3  J 

w3(X)  *  w4(X4)  -  <|>x  (X)  -  ♦J{  -  0 

3  4 


(94) 


Mx  <*>  =  Mx  (X,)  »  Qx  (X)  -  Qx  (X4)  -  0 
3  4  3  4 


N  =  P/2;  U 
31 4  °4 


(P/2+NT+Nm) 


K 


x4  +  c?5 


(95,96) 


Again  for  the  adhesive,  (36)  and  (37)  may  be  used,  changing  the 
subscripts  if  preferred.  The  boundary  conditions  for  this  problem, 
depicted  in  Figure  4  are : 

at  X1  =  0;  Same  as  (75) 

at  X^  =  and  X£  =  0;  Same  as  (40) 


at  X2  =  L2»*  Same  as  (41) 


at  X_,  =  0;  Same  as  '.42) 


at  X.,  =  L„  and  X,  =  0;  Same  as  (43) 
3  j  4 


at  X  =  L  ;  N  =  P/2;  Q  {L  )  =0;  <p  (L* )  =  0  (97) 

*  4  4  4 


When  (75)  is  substituted  into  (92)  and  (93) , 


C_„  *  C_~  =•  0 
70  72 


(98) 


For  the  boundary  conditions  used  to  determine  the  remaining  non¬ 
zero  ,  a  12  x  12  set  of  equations  must  be  solved.  They  can  be 
written  as  follows : 

C71L1  “  r*9ht  hand  side  of  (46)  (99) 

4>1  (Li }  -  4>2  (0)  ,  Same  as  (79) 

0  =  right  hand  side  of  (47a)  (100) 

Qx (1^)  =  q2(0).  Same  as  (81) 

(P/2+NT+Nm) 

-  L..  =  right  hand  side  of  (49)  (101) 

K  A 


P/2  =  right  hand  side  of  (50) 


(102) 


Trie  three  ooundary  conditions  at  X,,  =  L0  art  identica.  ;  51 
tnrouan  153)  and  N  (0)  =  0  identical  to  (54}. 

X 

Si 

at  X-  =  L,  and  X.  -  0; 

3  3  4 

left  hand  side  of  (61)  =  C_c  (103) 

10 

left  hand  side  of  (62)  =  P/2  (104) 

With  the  evaluation  of  all  the  constants  above,  the  solution  is 
complete,  and  parametric,  design  and  analytical  studies  may  be 
undertaken . 

VIII.  DOUBLE  DOUBLER  JOINT  SUBJECTED  TO  IN-PLANE  LOADS, 

UNIFORM  TEMPERATURE  AND  MOISTURE  CONTENT 

Consider  the  configuration  shown  in  Figure  5.  The  double  doubler 
with  identical  adherends  can  be  modelled  as  in  Figure  2 ,  with  four 
components  if  there  is  a  symmetry  in  geometry  and  loads  in  each  of 
the  four  quadrents  of  the  structure.  In  a  composite  adherend  con¬ 
struction  this  that  a  [  construction  is  required  where  X  is  an 

even  number  of  magnitude  4  or  greater  in  the  adherends  and  2  or 
greater  in  the  doublers.  For  isotropic  adherendb  the  geometric 
symmetry  exists  automatically.  Again  there  are  26  equations,  un¬ 
knowns  and  boundary  conditions.  The  coefficients  a  and  6  are 
determined  from  (38)  ,  where  in  this  problem  h  is  replaced  by  h/2  in 
(38)  and  all  other  pertinent  equations. 


component 


(105,106,107) 

(108) 


(109) 


(110) 


For  component  2,  (18)  through  (23)  may  be  used,  but  for  compu¬ 
tational  reasons  the  numbers  used  for  subscripts  may  be  changed  to 
avoid  confusion  with  other  solutions.  For  components  3  and  4,  (94) 

through  (96)  may  be  used,  and  (27)  and  (28)  used  for  N  and  U°. 

x3  J 

Again  for  the  adhesive,  (36)  and  (37)  can  be  used.  The  boundary 
conditions  for  this  problem,  see  Figure  5,  are  : 


at  X1  = 


(0)  =  0; 


<t>  (0)  =  0; 

A 


,o(0) 


(111) 


at  X1=L^  and  X2=0,  at  X2=L2,  at  X3=0,  and  at  X?=L3  and  X^=0, 
the  boundary  conditions  are  identical  to  (40)  through  (43) . 

at  X.  =  L.; 

4  4 


Same  as  (97) 


rtner.  _ 


suoszituiec  into 


09/  anc  ,  0 


2=0 


.i2) 


Again  the  boundary  conditions  to  determine  the  pertinent  .  1 s 
a  14  x  14  set  of  equations  must  be  solved.  They  nay  be  written  as 
follows : 

C100L1 

- 2 -  +  C101L1  +  C102  =  ri9ht  side  of  (46)  (113) 

Same  as  (79) 

C100  “  ri9ht  hand  side  of  (47a)  (114) 

Same  as  (81) 

Same  as  (101) 

Same  as  (102) 

The  three  boundary  conditions  at  X 2=L2  and  the  three  at  X2=0 

are  identical  to  (51)  through  (53)  and  N  (0)  -  0  identical  to  (54). 

X3 

at  X3=^3  and  X^  =  0 


C105 


left  hand  side  of  (61) 


(115) 


-  .)  I  - 


Same  as  .'iOi; 


Upon  evaluating  the  constants  above,  the  solution  is  complete 
and  can  be  used  for  parametric,  design  and  analytical  studies. 


IX.  SINGLE  DOUBLER  JOINT  SUBJECTED  TO  IN-PHASE  LOADS, 

UNIFORM  TEMPERATURE  AND  MOISTURE  CONTENT 

Consider  the  configuration  shown  in  Figure  6.  The  single  doubler 
joint  with  identical  adherends  can  be  modelled  as  in  Figure  2,  with 
four  components  if  there  is  a  symmetry  in  geometry  and  loads  in  each 
of  the  four  quadrants  of  the  structure.  In  a  composite  adherend  con¬ 
struction  this  means  midplane  symmetry  in  both  adherends  and  doubler. 
For  isotropic  adherends  the  symmetry  in  geometry  exists  automatically. 
Again  26  equations,  unknowns  and  boundary  conditions  are  required. 

The  coefficients  a  and  6  are  determined  from  (38) . 

The  solutions  are : 

For  component  L: 

N  -  P?  Qv  *  0;  4..  «  0  (116) 

X1  X1  1 


M  =  C 
X1  '■'130 


(p+n^n"') 


u 


K 


+  c 


^130Xl 

W1(X1)  =  ^  +  C1 31  X1  +  C?.32 


(117) 


(118) 


2D 


(119) 


r  or  compoaenc£  1  anc.  -  ,  sauations  .IB)  tnrouan  .  ■  :a:.  r>t  accc. 

For  computational  reasons ,  tne  user  may  wish  to  change  numbered  sub¬ 
scripts  to  prevent  confusion  with  solutions  to  the  other  problems. 
For  component  4:  Use  (69)  through  (71)  and  (73) 


%  •  C133 


w. 


C133  X4 
2D 


+  C134  X4  +  C135 


(120) 


(121) 


Again,  the  adhesive  solutions  ai*e  given  by  (36)  and  (37).  The 
coefficients  a  and  8  are  found  by  solving  for  the  roots  of  (38). 

The  boundary  conditions  for  this  problem  are: 
at  X^O:  Use  (111) 

At  X1=L^  and  X2=0,  at  X2*L2 ,  at  X3=0  and  X3=L3  and  X^  =0 
the  boundary  conditions  are  identical  to  (40)  through  (43) 
at  X4=L4;  Use  (76). 

From  the  boundary  conditions  at  X^-0 ,  C  ■=  0. 

For  the  remaining  boundary  conditions  the  determination  of  the 
CF  j  require  solutions  to  the  solutions  of  an  18  x  18  set  of  equations 
as  shown  below: 

-C  L  2 

-3-°  1  +  C131  L1  +  C132  »  right  hand  side  of  (46)  (12,:) 


C130  =  r^-'3ht  hand  side  of  (47a) 


(123) 


Same  as  (79)  ,  (81)  ,  (82)  ,  (83) 


.  .'it:  _ ^  ^  t  DOUIlGdn  *  O  Tl  Cl  J-  _  J.  0 1 1  £  >_  1  ~  .  cl  1 1  Ci  t.flt  i  1 2”  ti  c  ci*  ..  —  .-.I"' 

-aeriLicai  ~c  V5I  anrouc ;r.  \56.  . 

left  hand  side  of  (57)  =  ^135  (124) 

Same  as  (84),  (86),  (87) 

left  hand  side  of  (59)  =  C^3  (125) 

left  hand  side  of  (61)  =  ^135  (126) 

With  the  evaluation  of  all  constants  above  the  solution  is 
complete.  Parametric,  design  and  analytical  studies  can  be  under¬ 
taken  for  design  and  optimization. 

X.  CONCLUSION 

Through  the  above,  many  practical  adhesive  bond  configurations 
can  be  designed,  analyzed  and  optimized,  and  various  configurations 
can  be  compared.  In  essence,  one  good  computer  program,  utilizing 
the  above  analytical  solutions,  can  efficiently  detail  stresses,  and 
deformations  throughout  the  adhesive  film  and  the  adherends  in  each 
of  the  five  configurations  studied. 

Although  the  most  elementary  solutions  have  been  shown  explicitly 
herein  (i.e.,  isotropic  adherends,  constant  temperature  and  humidity), 


solutions  of  a  very  general  anisotropy  of  the  adherends,  transient 
temperature  and  humidity  profiles  varying  in  both  the  axial  and  thick¬ 
ness  directions,  time  dependent  in-plane  mechanical  loads,  and  lateral 
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To  date,  one  publication  has  emanated  from  this  year  of 
sponsored  research.  That  is  AIAA  Paper  No.  79-0798,  "Analysis  of 
Bonded  Joints  in  Composite  Materials  Structures  Including  Hygrother- 
mal  Effects",  by  J.  R.  Vinson  and  J.  R.  Zumsteg ,  University  of 
Delaware,  Newark,  Delaware,  IS 711. 

It  was  presented  at  the  20th  AIAA/ASME  Structures,  Structural 
Dynamics  and  Materials  Conference,  St.  Louis,  April  1979. 
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